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Symbols

A wing planform area, ft2

c wing chord, in.

C l
N normal-force coe�cient on wing l ower surface,

1

q1A

Z
SA

(p� � p�=0�) dx dy

Cu
N normal-force coe�cient on wing upper surface,

1

q1A

Z
SA

(p� � p�=0�)dx dy

Cp pressure coe�cient,
p� p

1

q
1

M Mach number

MN component of Mach number normal to wing leading edge, M cos�(1 + sin2� tan2 �)1=2

p static pressure, lb/ft2

p� static pressure at given angl e of attack, lb/ft2

p
1

free-stream static pressure, lb/ft2

q
1

free-stream dynamic pressure, lb/ft2

U
1

free-stream velocity

x; y; z orthogonal coordinate system referenced to wing apex

� angle of attack, deg

�N angle of attack normal to wing leading edge, tan�1
tan �

cos�
, deg

� =
p
M 2

� 1

�F wing l eading-edge streamwise deection angle positive when leading edge down, deg

� fraction of local wing semispan

� wing streamwise leading-edge sweep angle, deg

v



Abstract

An assessment of the inuence of airfoil geometry on delta wing

leading-edge vortex ows and vortex-induced aerodynamics at super-

sonic speeds is made. A series of delta wing wind tunnel models were

tested in the Langley Unitary Plan Wind Tunnel over a Mach num-

ber range from 1.70 to 2.00. The model geometric variables included

leading-edge sweep and airfoil shape. Surface pressure data and vapor-

screen and oil-ow photographs were taken to evaluate the complex

structure of the vortices and shocks on the family of wings tested. The

data show that airfoil shape has a signi�cant impact on the wing up-

per surface ow structure and pressure distribution but has a minimal

impact on the integrated upper surface pressure increments.

Introduction

Historically, aerodynamicists have designed air-

craft for e�cient supersonic ight by employing
attached-ow wing design philosophy. A review of
previous wing design studies shows that for cruise lift

conditions, linearized theory methods (refs. 1 and 2)
have produced e�cient designs, and at high-lift con-
ditions, full-potential methods (refs. 3 and 4) have
been employed to obtain e�cient attached-ow de-

signs. However, attached-ow, high-lift wing geome-
tries are typically characterized by large amounts of
wing leading-edge camber and bluntness, which re-

sult in a large drag penalty at low lift typical of super-
sonic cruise conditions. (See ref. 5.) Attempts to em-
ploy variable camber devices to minimize the cruise
performance penalty have met with limited success

(ref. 6) because the resulting aerodynamic perfor-
mance for variable camber designs at either cruise
or high-lift conditions is typically degraded from the
optimum �xed camber geometry. (See ref. 5.)

An alternate wing design philosophy for e�cient
supersonic ight employs a controlled leading-edge
vortex system. Investigations at subsonic and tran-
sonic speeds of the wing employing this leading-edge

vortex design philosophy have shown that signi�-
cant performance bene�ts over a broad ight enve-
lope may be obtained. Compared with the attached-

ow designs, the advantages of the vortex-ow design
concept are many: the wing surfaces of the variable
camber devices are not as critical because ow sep-
aration is forced; the design requires a thin, sharp

leading edge, which is more suitable for minimizing
supersonic wave drag; and the supersonic design con-
straints are more consistent with those for subsonic

and transonic vortex-ow designs.

To address this new design challenge at super-
sonic speeds, a research program was established in
the early 1980's at the Langley Research Center to

study wing leading-edge vortex ows at supersonic

speeds. (See refs. 7 and 8.) As depicted in �gure 1,
even the most basic of wing leading-edge vortex sys-
tems (on a at-top, uncambered delta wing) can be
quite complex; and as the wing geometry becomes

more complex (i.e., thickness, camber), the result-
ing vortex-ow structure would contain many addi-
tional ow features and with increasing Mach num-

ber, additional ow features would appear. The wing
vortex-ow research at supersonic speeds was struc-
tured to take full advantage of the available experi-
mental (ref. 9) as well as computational research ca-

pabilities at this Center. In addition, the simplicity
of the wind tunnel model geometry lends itself well
to computational studies. (See refs. 10 and 11.) The

three major wing geometric parameters in the study
are leading-edge sweep, camber, and airfoil shape and
thickness. Shown in �gure 2 are photographs of the
zero-thick, cambered, and thick delta wing models

installed in the Langley Unitary Plan Wind Tun-
nel (ref. 12). A zero-thick wing is represented by
a wind tunnel model which is characterized by a at

upper surface and minimum thickness on the lower
surface. The leading edges of the wing are sharp with
a leading-edge bevel angle, measured normal to the
wing leading edge, less than 10� and located entirely

on the lower surface. The inuences of wing leading-
edge sweep and camber were documented previously
in references 12 and 13, respectively, and the e�ect

of the airfoil is documented in the present report.

Figures 3 and 4 show the resulting six types of
ow �elds identi�ed for the zero-thick and cambered
wings, respectively.

In addition to the ow classi�cation e�ort for
zero-thick and cambered wings, an extensive ef-

fort has been directed at understanding the vortex-
induced aerodynamics for delta wings. A set of
curves which represent the normal-force coe�cients
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of the upper and lower surfaces of the zero-thick
and cambered delta wings has been generated by

integrating experimentally obtained pressure distri-
butions on the wing surface. (See �g. 5, which was
taken from ref. 7.)

The present paper summarizes the previous re-
sults and compares them to recent results obtained
for a series of eight uncambered delta-wing mod-

els which varied in leading-edge sweep and airfoil
geometry.

Experimental Test

Model Description

Planform sketches of the thick delta wing wind

tunnel models are shown in �gure 6. The eight delta
wing models consisted of a 7-percent-thick diamond
airfoil and a 7-percent-thick circular-arc airfoil with

leading-edge sweeps of 52.5�, 60�, 67.5�, and 75�.
(See �g. 7.)

The leeward surface of each model was instru-
mented with a spanwise row of 19 pressure ori�ces
evenly spaced and located 1 in. forward of the wing
trailing edge. The 19 pressure ori�ces were located

on both the left- and right-hand wing panels between
0 and 90 percent, in 10 percent increments, of the lo-
cal wing semispan. Pressure data were obtained with

a 48-port, electronic scanning pressure gauge system
mounted outside the tunnel. Pressure data on the
lower surface were obtained by rolling the model 180�

and repeating the pitch sweep.

The models were connected to the tunnel perma-
nent mounting system by a dogleg sting. A photo-

graph of a typical assembly consisting of a model and
sting is depicted in �gure 8. The support arrange-
ment was designed to minimize support interference

e�ects on the pressure instrumented wing surface op-
posite the sting attachment point.

During the test, angle of attack was measured
with an accelerometer located in the tunnel perma-
nent model-actuating system. The measured angle
of attack was corrected for tunnel ow angularity;

no angle-of-attack corrections were required for de-
ections of the dogleg sting.

Test Conditions

Testing was conducted in the low Mach num-
ber test section of the Langley Unitary Plan Wind
Tunnel, which is a variable Mach number, variable

pressure, variable temperature, continuous-ow su-
personic tunnel. The test section is 4 by 4 by 7 ft
(ref. 9).

The tests were conducted at a sideslip angle of 0�

and at angles of attack from 0� to 28� for the nominal

set of conditions listed in the following table:

Total Total Reynolds

pressure, temperature, number

M lb/ft2 �F per foot

1.70 1114 125 2� 106

2.00 1254 125 2� 106

The dew point was maintained at �20�F when pres-
sure data were obtained to eliminate condensation
e�ects.

To ensure fully turbulent boundary-layer ow

over the model surface, boundary-layer transition
strips composed of No. 60 sand grit were applied
0.2 in. behind the wing leading edges (measured nor-

mal to the leading edge). The transition strips were
approximately 0.0625 in. wide.

Flow Visualization Techniques

In addition to the surface pressure data two types
of ow visualization data were obtained. Vapor-

screen photographs were taken to provide informa-
tion on the ow �eld above the wing surface, and
oil-ow photographs were used to examine the ow

characteristics on the model surface. Model prepa-
ration prior to ow visualization tests consisted of
painting one coat of at black paint over a coat of
zinc chromate primer. These three di�erent types of

tests were done sequentially.

Vapor-screen ow visualization data are obtained
by passing a thin sheet of high-intensity light through
a foglike condition in the tunnel test section. The

fog is created in the tunnel test section by adding
water in the di�user downstream from the tunnel test
section until a uniform fog was produced in the test

section. The test conditions which provided the best
fog quality for a Reynolds number per foot of 2� 106

are given in the following table:

Total Total Dew

pressure, temperature, point,

M lb/ft2 �F �F

1.70 1114 100 13

2.00 1254 117 19

The dew point was measured in the tunnel set-

tling chamber and corrected to standard atmospheric
conditions.

A high-intensity tungsten light source mounted
outside the tunnel on the sidewall was used to pro-

duce a thin light sheet across the tunnel test section.
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The light sheet was oriented perpendicular to the
tunnel ow and positioned at the same streamwise lo-

cation on the delta wings as the surface pressure taps.
Photographs were taken by a camera mounted to the
ceiling inside the tunnel and located approximately
3 ft downstream from the model. (See sketch A,

which shows details of the vapor screen setup.)

Camera

Dogleg sting

Model

Light sheet

Sketch A

Oil-ow photographs required the same model-
surface at black painting as previously discussed.
The model surface was then brushed with a mixture

of 90W oil containing yellow uorescent powder. Oil-
ow photographs were taken through the test-section
door window by two cameras mounted outside the

tunnel. The model was rolled 90� and was illumi-
nated by four ultraviolet lamps mounted outside the
tunnel. During the tunnel start-up period, the model
was kept in a wings-horizontal position to keep as

much oil on the wing as possible. To obtain pho-
tographs, the model was rolled 90� (wings vertical)
and angle of attack was set by yawing the model.

After the model was positioned, approximately 3 to
4 min was required for the oil-ow pattern to sta-
bilize. Normally, only 3 or 4 di�erent angles of at-
tack could be documented before the oil had to be

replaced. Photographs were obtained at angles of
attack of 0�, 8�, and 16� .

Discussion of Experimental Results

The primary purpose of the present research is

to assess the inuence of airfoil geometry and ow
conditions on wing leading-edge vortex ow at su-
personic speeds.

The present thick-wing geometries do not reect a
particular design philosophy but have been developed
to provide a large variation in ow conditions, based

upon the previous work. To provide a reference for
the thick wings, results for the previously tested four
zero-thick at delta wings are also presented in this

section of the paper.

This section of the paper only addresses the crit-
ical elements of the research results; however, all the

data for the thick delta wings are presented in ap-
pendixes A and B. Flow visualization data, oil ow
and vapor screen, are contained in appendix A, and
upper and lower surface pressure coe�cient data are

contained in appendix B.

Representative experimental results are presented
in �gures 9 through 14. Presented in �gure 9 are
oil-ow photographs showing the inuence of airfoil

shape on the wing upper surface ow for the 60�

sweptwing at a Mach number of 1.70 for angles of at-
tack of approximately 0�, 8� , and 16� . At � � 0�, the

ow patterns for all wings show attached ow; how-
ever, the one for the diamond airfoil indicates that
the ow is undergoing an abrupt expansion about the
wing maximum thickness ridge line as evidenced by

the surface ow in this region. This expansion on the
wing upper surface for the diamond airfoil existed at
all angles of attack and Mach numbers. The oil-ow
photograph also indicates that a cross-ow recom-

pression shock is beginning to form at the apex of the
wing maximum thickness line for the diamond airfoil.
The photographs for � � 8� clearly show that the

addition of thickness delays the onset of leading-edge
separation. The delay in leading-edge separation ap-
pears to be related to an angle of attack equivalent to
one half the airfoil leading-edge included angle. At

an angle of attack of approximately 16�, all wings
show the inuence of a leading-edge vortex with a
secondary separation.

The inuence of wing leading-edge sweep angle on

the upper surface ow is shown in �gure 10. The oil-
ow photographs of �gure 10 show that the at and
circular-arc wings have similar ow characteristics in
that both show the conical ow structure and a wing

leading-edge vortex structure. However, results for
the diamond airfoil show that a signi�cant change in
the ow structure occurs aft of the airfoil maximum

thickness ridge line. Comparing the data of �gure 9
with that of �gure 10 shows that the inuence of wing
airfoil shape increases signi�cantly with increasing
wing sweep. In particular, the data for the 75� swept

delta wing with the diamond airfoil at � � 8� appear
to show that the wing leading-edge vortex, whose
presence is indicated by the oil accumulation line

lying near the leading edge and emanating from the
apex, disappears aft of the airfoil maximum thickness
line. Aft of the airfoil maximum thickness line there
is a thick oil accumulation line which emanates from

the apex of the airfoil maximum thickness line. This
type of pattern in an oil ow is indicative of a cross-
ow recompression shock (ref. 5). Because of the

increased inuence of the airfoil on the delta-wing
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lee-side ow structure with increasing wing leading-
edge sweep, the rest of the paper focuses on the 75�

wing.

To assess the inuence of the airfoil on upper
surface loading, plots of spanwise surface pressure

distributions are presented for the 75� wings atM =
2:00 for angles of attack of approximately 0� , 8�,
and 16� in �gures 11, 12, and 13, respectively. In

addition to the surface pressure data, computer-
enhanced photographs (CEP) of the vapor-screen
ow visualization data are presented in each �gure.

Spanwise surface pressure data and CEP vapor-
screen ow visualization data are presented in �g-
ure 11 for the diamond, circular-arc, and at 75�

swept delta wings at M = 2:00 and � � 0�. The

CEP data of �gure 11 clearly show that a cross-ow
shock does exist on the lee side of the wing with the
diamond airfoil (see dark region above the wing) and

is located at a semispan position � of approximately
0.7. The surface pressure data show that the at and
circular-arc airfoils have very benign pressure distri-
butions compared with the diamond airfoil which ex-

hibits a signi�cant pressure rise due to the cross-ow
shock at a value of � between 0.650 and 0.725. Note
that this is well inboard of the location of the air-
foil maximum thickness ridge line which is located at

� = 0:95 for this streamwise position. Another ob-
servation in the data of �gure 11 is the existence of
large negative surface pressure coe�cients in the in-

board region for the circular-arc wing compared with
either the diamond or at wing. These low pressures
are undoubtedly due to the expansion of the ow
over the wing maximum thickness line. Despite this

expansion of the ow for the circular-arc wing, the
resultant ow characteristics are very similar to those
observed for the at wing. It should be noted that the

pressure data presented are for a streamwise position
of 95 percent of the total wing length. The pressure
forward of the airfoil maximum thickness line would
be positive for the diamond and circular-arc wings at

� � 0�.

Presented in �gure 12 are spanwise surface pres-
sure distributions and vapor-screen CEP's of the 75�

delta wings at M = 2:00 and � � 8� (MN =
0:58; �N = 28:5). The data show that a leading-
edge vortex has formed on all wings, as indicated

in the photographs by the dark elliptic- or circular-
shape regions located near the wing surface and em-
anating from the wing leading edge. A close exami-
nation of the ow visualization data shows that the

vortex-ow structures for the three wings are con-
siderably di�erent. The at-wing ow is character-
ized by a classical leading-edge vortex with a sec-

ondary vortex located below and outboard of the

primary vortex. This is what would be expected
for the conditions of MN = 0:58 and �N = 28:5.

(See �g. 3.) Vapor-screen photographs for both the
diamond and circular-arc airfoil wings show a less
pronounced vortex structure which lies very close to
the wing surface and which appears to be more like

a wing leading-edge bubble than a classical leading-
edge vortex. If the value of �N is corrected for the
wing-surface streamwise angle, as was done for the

cambered wing of �gure 4, the �N values for the dia-
mond and circular-arc wings would become 20� and
12�, respectively. A review of �gure 4 indicates that
for a delta wing with the circular-arc airfoil atMN =

0.58 and �N = 12� , a leading-edge bubble would be
expected, and for the diamond airfoilMN = 0.58 and
�N = 20�, a leading-edge vortex would occur. The

only other ow structure present for either wing is a
cross-ow shock, which was observed to lie on top of
the vortex for the diamond airfoil wing. Based upon
the ow classi�cation chart of �gure 4 and the data

for the circular-arc and at wings under investiga-
tion, it may be concluded that this shock structure
is a result of the local wing-surface contour of the

diamond airfoil wing and not a function of the free-
stream Mach number or angle of attack. For the
diamond airfoil wing at these conditions, the vortex
with shock structure would only occur on the aft por-

tion of the wing behind the airfoil maximum thick-
ness ridge line. Forward of the ridge line, the ow is
characterized by a leading-edge vortex only; inboard

of the vortex, the ow reattaches and ows stream-
wise. (See �g. 1.) As this streamwise ow passes
over the ridge line, the ow expands and then recom-
presses resulting in a shock structure which sweeps

aft and outboard. At approximately three fourths of
the wing length, the wing leading-edge vortex and
the ridge line shock intersect, as shown in �gure 10,

and the resulting ow structure is formed.

A review of the surface pressure data in �gure 12
shows that all wings experience low pressure near
the leading edge due to the separated ow; however,
as observed in the data at � � 0� of �gure 11,

the recompression of the ow for the three wings
varies signi�cantly. At � � 8�, the circular-arc wing
experiences the least recompression of the wings and,

as a result, has lower pressures inboard of the vortex
compared with those of the diamond and at wings.
Despite these di�erences, the change in wing upper
surface loading, as determined by integrating the

pressure distribution from the � = 0� condition for
each wing, is very similar.

At an angle of attack of �16�, the ow struc-
tures and resultant lee-side pressure distributions

for the three wings become similar. Presented in
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�gure 13 are surface pressure distributions and vapor-

screen CEP's for the 75� wings at M = 2:00 and

� � 16� . The spanwise surface pressure coe�cients

become quite similar and are characterized by a low-

pressure plateau region outboard and a gradual re-

compression. Again, the dominant inuence of the

airfoil on the pressures is observed in the level of the

wing centerline pressure value.

A review of the vapor-screen photographs in �g-

ure 13 shows that all three wings have similar struc-

tures which are characterized by a vortex with shock.

Only the diamond airfoil wing has a second shock

structure which appears to lie both above and below

the vortex feed sheet. This structure can again be

attributed to the expansion about the airfoil ridge

line.

The preceding analysis showed that the ow clas-

si�cation and aerodynamics of thick wings are similar

to that for at wings. However, a remaining ques-

tion concerning the analysis of the vortex ow is the

location of the vortex both laterally and vertically

above the wing. To assess this characteristic, the

vapor-screen ow visualization data were used to de-

termine vortex location as a function of angle of at-

tack. A representative analysis is shown in �gure 14

for the 75� swept wings atM = 2:00. As mentioned

previously, the diamond and circular-arc airfoil delta

wings experience a delay in the leading-edge separa-

tion due to the local wing leading-edge surface slope.

The data presented in �gure 14 show that the vor-

tex migration for all wings follows a similar path. In

general, the vortex will initially be located near the

wing surface at the leading edge. With increasing

angle of attack, the vortex will move upward and in-

board. These data are of great importance to the

designer because the location of the vortex coincides

with the location of the wing upper surface suction

pressures, and the management of these suction pres-

sures is critical to the success of the separated ow

wing design concept.

Concluding Remarks

Areview of the Langley wing leading-edge vortex-

ow research at supersonic speeds has been presented

along with results from a recent experimental study

in which the inuence of wing airfoil shape on wing

leading-edge vortex ow was assessed. The review of

the program was presented to provide a reference in

which to discuss the e�ects of airfoil shape on wing

leading-edge vortex ows.

The analysis of the 7-percent-thick delta wing

data indicated that both the lee-side ow classi�ca-

tion and local wing loading are quite similar to that

obtained on zero-thick at wings. Detailed analy-

sis of the ow visualization data show that the ow

about the wings with a diamond airfoil is more com-

plex than that about a smooth airfoil wing. The sur-

face discontinuity at the airfoil maximum thickness

line for the diamond airfoil produces shocks and large

expansions which interact with the leading-edge vor-

tex to create vortex shock and vortex with multiple

shock ow types. Flow visualization data also show

that the inuence of the airfoil contour of the lee-

side ow �eld is increased signi�cantly with increas-

ing wing leading-edge sweep. These complex ow

features were observed to have a signi�cant impact

on the wing upper surface pressure distributions.

NASA Langley Research Center

Hampton, VA 23665-5225

January 15, 1992
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Appendix A

Flow Visualization Photographs

Oil-ow photographs for the 75� , 67.5� , 60� , and 52.5� thick delta wing models are presented in
�gures A1, A2, A3, and A4, respectively, over the test range of Mach number and angle of attack.
Vapor-screen photographs for the same models are presented in �gures A5 through A20.

20



Appendix B

Surface Pressure Coe�cient Data

Surface pressure coe�cient data for the 75�, 67.5� , 60�, and 52.5� swept thick delta wing wind
tunnel models are presented in tables B1 and B2, B3 and B4, B5 and B6, and B7 and B8, respectively.

61
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